DNA samples from 396 unrelated individuals belonging to 14 ethnic populations of India, inhabiting various geographical locations and occupying various positions in the socio-cultural hierarchy, were analysed in respect of 8 human-specific polymorphic insertion/deletion loci. All loci, except Alu CD4, were found to be highly polymorphic in all populations. The levels of average heterozygosities were found to be very high in all populations and, in most populations, also higher than those predicted by the island model of population structure. The coefficient of gene differentiation among Indian populations was found to be higher than populations in most other global regions, except Africa. These results are discussed in the light of two possible scenarios of evolution of Indian populations in the broader context of human evolution.
Introduction
Considerable insight into the peopling of India has been derived from past studies on genetic diversities and affinities among ethnic groups of India. 1 The vast majority of these studies was based on blood group, serum protein and red-cell enzyme polymorphisms. The levels of polymorphism at loci that code for expressed proteins and enzymes are generally low because mutations at these loci are commonly deleterious and, therefore, are often strongly selected against. On the other hand, DNA polymorphisms, especially in the non-coding regions of the human genome, are expected to be selectively neutral. Polymorphic DNA markers have, therefore, proved to be immensely useful in studies of human diversity and evolution. In recent years, several insertion/deletion polymorphisms have been discovered in the human genome which are particularly useful in human population genetic studies because (i) the ancestral states of these polymorphisms are known since these elements are inserted/deleted at random into the nuclear genome but are never precisely deleted/inserted, thereby facilitating accurate rooting of population networks, and
(ii) all alleles of a particular type are identical by descent since the probability of two insertions/ deletions of these elements in/from the same genomic location is vanishingly small.
We have studied eight such insertion/deletion polymorphisms in 14 ethnic populations of India. These populations belong to three of the four major linguistic groups present in India. The populations are at different levels of modernisation and socio-cultural hierarchy. The overall objective of this study was to shed light on the peopling of India and on human evolution.
A segment of the human mitochondrial DNA (mtDNA) was discovered 2 to have been inserted in the human nuclear genome. The inserted region comprises 540 bp of the control region of mtDNA, corresponding to nucleotide positions 59-16089 of the Cambridge reference sequence. 3 This insertion (denoted as mt → NUC) is human specific; the event most likely occurred after the separation of the chimpanzees and humans, but before the divergence of human populations. We have studied this locus, which is currently polymorphic in many populations.
The Alu family of short interspersed elements (SINEs) is found in about 500 000 copies in multiple chromosomal locations in the human genome. 4 Alu sequences are thought to be ancestrally derived from the 7SL RNA gene 5 and mobilise through an RNA polymerase III-derived transcript in a process termed 'retroposition'. 6 Although Alu sequences are also found in many mammalian genomes in addition to the human, a subset of these insertions are human specific. 7 Some of these human-specific Alu elements have retroposed so recently that they have not become fixed within the human genome. 7 Therefore, human populations are polymorphic with respect to these insertions. We have, in this study, examined six of these human-specific Alu polymorphisms.
The eighth polymorphic locus we have studied is the deletion of 256-bp of a 285-bp Alu element at the CD4 locus. 8 The lack of this deletion [Alu( + )] is the ancestral state of this polymorphism; chimpanzees, gorillas, orangutans and gibbons are monomorphic for the Alu( + ) allele. 
Materials and Methods

Populations Studied
We have studied a total of 792 chromosomes from unrelated individuals belonging to 14 endogamous population groups of India. Of these groups four are tribal, speaking Austro-Asiatic (three groups) or Tibeto-Burman (one group) languages; nine are caste groups at different levels of social hierarchy (upper, middle and lower) speaking Indo-European languages, and one religious group of Indo-European (Hindi) speaking Muslims. The samples were drawn from single geographical locations from the States of West Bengal, Orissa, Tripura and Uttar Pradesh. Further details are provided in Table 1 .
Laboratory Analysis
Blood samples (5-10 ml by venipuncture in EDTA) were drawn from individuals with prior informed consent. DNA was isolated using a standard protocol. 10 Oligonucleotide primers used in PCR amplifications of the eight loci along with corresponding annealing temperatures are given in Table 2 . For the mt → NUC locus, the reaction mixture for amplification comprised 2.5 U Taq DNA polymerase, 50 ng each primer, 400 ng genomic DNA, in a total volume of 20 µl. PCR cycling temperature protocol was: 30 cycles ϫ (94°C for 15 s, 63°C for 30 s, 72°C for 1 min). For the Alu insertion loci, the reaction mixture comprised 2.5 U Taq DNA polymerase, 50 ng each primer, 300 ng genomic DNA, in a total volume of 20 µl. PCR cycling temperature protocol was: 30 cycles ϫ (94°C for 1 min, x°C (see Table 2 for the value of x) for 2 min, 72°C for 2 min). For the Alu CD4 locus, the reaction mixture comprised 2.5 U Taq DNA polymerase, 50 ng each primer, 200 ng genomic DNA, in a total reaction volume of 20 µl. PCR cycling temperature protocol was: 30 cycles ϫ (94°C for 1 min, 58°C for 1.5 min, 72°C for 1.5 min).
Statistical Analysis
Maximum likelihood estimates of allele frequencies and their standard errors were calculated at each locus separately for each population. Heterozygosities at individual loci and the average heterozygosity were calculated using the estimated allele frequencies for each population. To assess the extent of gene differentiation among the population groups, gene diversity analysis 11 was performed separately for each locus as also for all loci considered jointly. To assess genomic relationships among the populations, dendrograms were constructed by three different methods -UPGMA, neighbour-joining (NJ) and maximum likelihood (ML) -using appropriate subroutines in PHYLIP 3.5c. 12 The D A measure of genetic distance 13 was used. Genomic relationships among populations were also examined by extracting principal components of allele frequencies and plotting the positions of the populations using the values of the first three principal components.
To assess the relative amount of gene flow experienced by each population, we have used a regression model originally proposed by Harpending and Ward. 14 For this, the heterozygosity of the i th population was plotted against the distance of the population from the centroid (r i ), calculated as:
where p i and P are, respectively, the frequency of the insertion (deletion) allele in population i and the total population. Under the island model of population structure, Harpending and Ward 14 have shown that there should exist a linear relationship between heterozygosity and distance from the centroid:
where h i and H denote, respectively, the heterozygosities of population i and the total population. Of particular interest in this analysis are the outliers: populations that have experienced more gene flow than average will have higher Insertion/deletion polymorphisms in India t 
Results
Allele Frequencies and Genomic Diversity within Populations
The numbers of chromosomes examined and allele frequencies for the ancestral-state alleles [insertion ( + ) for mt → NUC and Alu FXIIIB, D1, APO, TPA25, ACE, PV92 loci; deletion (-) for Alu CD4 locus] are given in Table 3 separately for the 14 populations. It is seen that all loci, except Alu CD4, are highly polymorphic in most populations. Alu CD4 exhibits low levels of polymorphism in most populations; in fact, the deletion (-) allele is absent among Chamars and Mundas.
The heterozygosities at each locus and the average heterozygosity over all the eight loci are given in Table 4 separately for each population. It is seen that most populations show very high levels of diversity with respect to most of the loci; the heterozygosity at the Alu CD4 locus is low and consistently the minimum in all populations. It is noteworthy that in many cases the maximum attainable value (0.5) of heterozygosity for a biallelic marker is actually attained. The average heterozygosity ranges from 0.351 (Tipperah) to 0.449 (Mahishya).
Genomic Diversity between Populations
The results of gene diversity analysis are presented in Table 5 , separately for each locus as also for all loci taken together. It is seen that except for the Alu CD4 locus, the total genomic diversity (H T ) among the subpopulations is quite high. However, most of the genomic diversity is attributable to diversity between individuals within populations (H S ). The percentage of genomic diversity attributable to between populations relative to the total genomic diversity, G ST , varies 
Genomic Affinities among Populations
The affinities among the 14 populations, reconstructed using the neighbour-joining method is depicted in Figure 1 using allele frequency data of all the eight loci.
The maximum-likelihood tree, based upon an examina- Figure 1 . This cluster also includes another middle caste group (Gaud) who occupy overlapping geographical habitat with the Lodhas and Mundas. A notable exception is the Austro-Asiatic tribal group of Santals, who do not belong to this cluster. The Tibeto-Burman speaking Tipperahs seem to cluster with the Santals, although as is evident from Figure 1 they are genetically quite distant. The UPGMA and ML trees showed no significant topological dissimilarities with the NJ tree; therefore, these trees are not presented. We have also examined affinities among the populations using a different statistical approach. This was done because each approach has its own limitation, and congruence of inferences using multiple approaches strengthens the overall conclusion. We have extracted principal components of allele frequencies, and have plotted the positions of the populations with respect to the first three principal components ( Figure 2 ). As is seen from Figure 2 , the first principal component, which explains about 40% of the variation in allele frequencies, broadly separates the tribal from the nontribal populations. The relationships among the populations are also largely in conformity with those observed from the cluster analyses (UPGMA, NJ and ML).
To determine the genetic relationships of these ethnic populations of India with populations of other regions of the world, we have used the data on six Alu insertion loci presented in Stoneking et al 15 that are common with our study. There loci are ACE, TPA25, PV92, APO, FXIIIB and D1. The NJ tree of 45 global populations, including the 14 populations of the present study, is presented in Figure 3 . (We have excluded data of the three ethnically and geographically ill-defined Indian population groups -Indian Christian, Hindu and Muslim -given in Stoneking et al. 15 ) It is seen that, by and large, the Indian populations lie between the Mongoloid population groups (China, Filipino, Malayasian, etc) and Caucasoid population groups (Greeks, French, Swiss, European-American, etc). Two of the three Indian Austro-Asiatic speaking groups (Lodha and Munda) again stand apart genetically. The Tipperah (a Sino-Indian speaking population) are genetically close to the Chinese, Javanese and Taiwanese. We also note that the African populations are also genetically quite distant from the other global populations. Since the ancestral states (non-insertion) of these Alu polymorphisms are known, it is possible to root the unrooted NJ tree by using the ancestral population (with zero insertion-allele frequencies at all loci) as an outgroup. The root lies very close to the cluster of African populations.
Gene Flow among Populations
With the objective of testing whether in a group of incompletely isolated populations distributed over a geographical space (Wright's island model), observed patterns of genomic diversities are the outcome of the processes of drift and migration among the populations or whether these patterns are generated by interactions with populations outside the set of populations under consideration, Harpending and Ward 14 derived a regression of heterozygosity on genetic distance. They have shown that the genetic distance of an island population from the gene frequency centroid (the overall mean gene frequencies of all populations) and the relative homozygosity of that island population should be linearly related if exchange with populations from outside is the same for each island. If gene flow from outside varies in amount from one population to another, this linear relationship no longer holds. Very isolated populations should be less heterozygous than the linear prediction, whilst populations which receive more genes should be more heterozygous than predicted.
We have plotted the observed heterozygosities of the 14 populations against the distance from the gene frequency centroid in Figure 4 . The theoretical linear regression line is also drawn on this figure. It is seen We have also performed this centroid analysis by pooling the data of the present study with those of Stoneking et al. 15 For reasons mentioned earlier, this analysis was based on data of six Alu polymorphic loci. The observed and predicted heterozygosities and the distance of the observed gene frequencies from the centroid are presented for each of the 45 populations in Table 6 . These data are also graphically presented in Figure 5 . It is seen from this figure that for 18 populations the observed heterozygosities are greater than predicted values. Of these 19 populations, 11 are Indian (10 of the present study and the Tamils studied by Stoneking et al 15 ) and five are African. (The Indian populations for whom the observed heterozygosity is lower than the predicted are: Brahmin-UP, Muslim, Rajput and Tipperah; the African population exhibiting this pattern is !Kung.) Thus, overwhelmingly the African (5 out of 6) and Indian (11 out of 14) populations show higher heterozygosity than predicted.
Discussion
Human-specific insertion/deletion polymorphisms have already proved to be very useful in studies on genetic structure of human populations. [15] [16] [17] [18] Since new alleles at these loci are not generated and also because these loci are unlikely to be under any selection pressure, allele frequency variation among populations in respect of these loci must necessarily have been generated by the effects of genetic drift and migration. As has been reported in ethnic populations from various parts of the world, [15] [16] [17] [18] these loci show high levels of polymorphism in the population groups of India also. It is also seen that the levels of average heterozygosity are consistently high in all the populations investigated in this study. Thus, consistent with the findings of classical markers, 1 these DNA markers confirm that Indian populations exhibit high levels of genomic diversity. The extent of genomic differentiation (G ST ) among the 14 Indian populations (0.068) is higher than those observed 15 in all other parts of the world except Africa. We note that some of the comparisons between the estimated G ST values of the present study and those of Stoneking et al 15 may not be strictly valid because the populations included in the present study are anthropologically well defined ethnic groups, whilst some of those included in Stoneking et al's 15 study are agglomerates of several ethnic groups. However, no disaggregated data sets on these polymorphisms are currently available; hence, no fully valid comparisons of estimated G ST values are currently possible. The results of the present study also confirm earlier findings 1 based on classical markers that (i) genetic affinities among Indian populations do not correlate well with socio-cultural rankings; geographically closer populations are also genetically closer (Figures 1 and 2) , and
(ii) Indian populations are genetically between Caucasoids and Mongoloids (Figure 3 ).
The centroid analysis (Figure 4 ) also shows that there has been a considerable amount of gene flow between the set of populations under consideration and other populations. This, by and large, is in agreement with anthropological findings. 1, [19] [20] [21] [22] [23] [24] [25] [26] In spite of considerable gene flow as inferred from the centroid analysis, the extent of gene differentiation among Indian populations continues to be high. Since this analysis does not permit timing of the period during which the gene flow may have occurred between these Indian and other populations, we are unable to offer a clear interpretation of this finding. A likely explanation is that gene flow occurred prior to the subdivision of these Indian populations into largely endogamous units.
The dominant prevailing view of the origin and spread of modern humans is that Homo sapiens originated in Africa 100 000-200 000 years ago and that all present human populations outside sub-Saharan Africa are primarily descendants of a population that moved out of Africa about 100 000 years ago. 27 Harpending et al 28 have suggested that after the migration of modern humans from Africa, there were many rapid population expansions following an initial period of isolation. Ballinger et al, 29 on the basis of data on mtDNA polymorphisms, suggested that such an expansion may have taken place in southern China. Mountain et al, 30 using similar mtDNA data, have hypothesised that a centre of this expansion may have been in or close to India. Although the high levels of heterozygosity observed in African populations is compatible with a number of hypotheses that do not assume an African origin, 31 the findings that the 'root' (ancestral states) of these Alu polymorphisms lies close to the cluster of African populations 15, 17 and that heterozygosities observed in African populations are higher Insertion/deletion polymorphisms in India t than those predicted have been interpreted 15, 17 as evidence supporting the out-of-Africa theory and of a greater effective population size across Africa. Thus African populations most probably underwent a large expansion before they moved out of the continent and were to become the source of modern humans in other parts of the world. In the present study, we have presented evidence that, with respect to the Alu insertion polymorphisms, the Indian populations show levels of heterozygosity (0.448 ± 0.039) that are higher, although not always significantly, than most global populations, including African populations. In fact, among the 45 observed heterozygosity values presented in Table 6 , the highest ten values are observed in Indian ethnic groups. Further, we have found that the vast majority of Indian populations show higher levels of heterozygosity than predicted by the HarpendingWard 14 gene flow model. If this pattern of high heterozygosities were simply due to higher levels of gene flow, then one would have expected that Indian populations would be genetically less differentiated. However, we have found that the coefficient of gene differentiation among Indian populations is higher than among populations inhabiting all other regions of the world, except Africa. 15 Two explanations of the observation of higher than predicted heterozygosities coupled with a high level of genetic differentiation are: (i) inflow of genes into the populations under study have been high (resulting in higher than predicted heterozygosities), but different study populations have had different sources of genes (resulting in high levels of genetic differentiation), and
(ii) an early inflow of genes into a population followed by a rapid expansion of this population (resulting in high heterozygosities) and subsequent splits of this population into largely isolated (endogamous) populations (resulting in high levels of genetic differentiation).
We are unable to provide any strong evidence favouring either of these two alternative possibilities. In the anthropological literature pertaining to the study populations, there are no observations to support the hypothesis that the different study populations have had inflow of genes from different external sources. Our present data and analyses also do not permit evaluation of the process and estimation of rates of increase of heterozygosities. However, we do wish to emphasise that since our joint observation of higher than predicted heterozygosities and high level of genetic differentiation have earlier been accepted as hallmarks of population expansion, 15, 17 the possibility of an early demographic expansion of modern humans within India cannot be ruled out. Support for such a possibility also comes from material culture remains found in India that show the evidence that upper palaeolithic (40 000 years before the present) cultures flourished in different parts of India. 32 We are now considering alternative ways of testing the two possible evolutionary scenarios that the present study has indicated.
